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1 Introduction 
 

1.a Background 
 

Co-evaporation of CuInxGa1-xSe2 (CIGS) via two-stage and three-stage processes has been used in a variety of 
laboratories throughout the world to produce small-area devices with efficiencies greater than 15%.1,2,3,4,5  Thus, these 
deposition methods have come to be viewed as laboratory standards for the formation of CIGS absorbers used in respective 
photovoltaic (PV) devices.  Although quite successful and relative easy to implement on a small R&D scale, scale-up to a 
commercially viable level proves to be rather challenging, as a number of conditions are encountered during continuous 
manufacturing that differ from the laboratory process.  Such differences include both those imposed by continuous 
processing of moving substrates, and those implemented to decrease costs and increase throughput.  It is therefore beneficial 
to understand the tolerance of the established laboratory processes to variations in deposition procedures. 

 
Only limited information is available in the literature addressing the tolerance of the laboratory processes to several 

variations.  Published studies are limited to CIGS thickness,6 maximum deposition temperature and time spent by the film in 
the Cu-rich stage,7,8 Na content,9,10 and final overall Cu/(In+Ga) atomic ratio.11  Not only are there additional, at times more 
important, absorber characteristics that define the quality of the resulting absorber for use in a PV device, but these 
experiments were conducted without correlation to practical commercial fabrication methods.  Further variations to the 
deposition procedure may be encountered in the manufacturing environment and include: 

• Deviation of initial film temperature from the prescribed two- and three-stage values, 
• Variation in the fraction of group III elements deposited in the first versus third stages, 
• Instantaneous variations in the Se/metals flux ratio outside the typically-recommended envelope due to spatial 

distribution of metallic flux, 
• Further shortened overall deposition times, 
• Variations in sample cool-down rate and Se flux during cool-down, 
• Impurities expected from less expensive, less pure source materials or alternative substrates, 
• Exposure to species outgassed and reflected from hot chamber walls, and, 
• Exposure to air (oxygen and humidity) after CIGS deposition for varying amounts of time followed by varying CdS 

deposition techniques. 
 

Global Solar Energy, Inc. (GSE) and lower-tier subcontractor ITN Energy Systems, Inc. (ITN) are addressing these 
process tolerance issues in this program.  The definition and resolution of process tolerance issues satisfy many of the goals 
of the Thin Film Photovoltaics Partnerships Program (TFPPP).  First, the investigation is likely to identify acceptable ranges 
for critical deposition parameters.  This will have the benefit of providing upper and lower control limits for in-situ process 
monitoring components, thus increasing average efficiency as well as yield of product.  Second, the exploration may 
uncover insensitivities to some processing procedures, allowing manufacture of modules at increased throughput and 
decreased cost.  The exploration allows a quantitative evaluation of the trade-offs between performance, throughput, and 
costs.  Third, the proposed program also satisfies the TFPPP goal of establishing a wider research and development base for 
higher-efficiency processing.  Fourth, the acquisition of data defining sensitivity to processing has important implications 
for the required accuracy of process sensors and control.  Finally, the program helps the photovoltaic community advance 
toward a better understanding of CIGS growth, a longer-term goal of the TFPPP. 

 

1.b Definition of Technical Scope 
 
Two-stage and three-stage processes laboratory CIGS depositions are batch processes where deposition fluxes and 

temperatures are varied with time.  Temperature and flux profiles for the two-stage2 and three-stage1 processes are shown in 
Figure 1 and Figure 2.  These depositions are generally performed in cold-wall reactors with very low base pressures. 
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Figure 1:  Temperature and flux profiles for two-stage CIGS deposition process. 

 

Figure 2:  Temperature and flux profiles for three-stage CIGS deposition process. 
 
Processing moving substrates (i.e., dynamic depositions) does not allow for exact replication of the flux and 

temperature profiles depicted in Figure 1 and Figure 2 for static substrates.  The delivery of Cu, In, and Ga follows a cosine-
type distribution, rather than the flatter profiles of the above graphs.  Also, since evaporation sources must be placed close 
enough to the substrate to provide reasonable materials utilization, yet far enough apart to allow independent control of each 
source and substrate temperature, the different metallic fluxes tend to be separated in time more than those of the laboratory 
process.  As an illustration, Figure 3a shows the calculated flux profiles from a effusion source with cosine-based 
distributions.  The calculations were made using a spreadsheet developed at the Institute for Energy Conversion (IEC).  The 
source arrangement of Figure 3 attempts to imitate the two-stage recipe, depositing a Cu-rich film that is brought back to 
stoichiometry and near the end of the deposition crosses into a slight Cu-poor regime.  However, the spatial separation 
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between the sources causes the film to be much more Cu-rich during most of the dynamic deposition than is the case during 
the laboratory two-stage process illustrated in Figure 1.  Figure 3b shows the instantaneous and cumulative Cu/(In+Ga) 
ratios as a function of time (or distance) for the dynamic deposition. 
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Figure 3:  Calculated flux profiles and Cu/(In+Ga) ratio as a function of distance for 
deposition onto moving substrate. 

 
The relatively sharp increases and decreases in metal fluxes seen by the sample, as in Figure 3a, has implications for the Se 
to metals ratio as well.  During typical laboratory depositions, the Se flux is kept in excess with respect to the combined 
metal fluxes in the range of 2 to 6 times.  The sharp profiles of Figure 3b imply that unless Se distribution is precisely tuned 
to the metal profiles, the sample is likely to experience periods where Se flux outside the typically-recommended 2× to 6× 
envelope. 

 
Replication of the temperature profiles of the laboratory processes can also be problematic.  The temperature 

profile experienced by a sample during continuous manufacturing depends not only on heater temperatures in different 
zones, but also on the thermal mass of the moving sample, the speed at which the sample moves, the thermal conductivity 
and emissivity of the sample, and evaporation source temperatures.  As an example, the black line in Figure 4 shows 
calculated substrate temperature profile under the baseline conditions during roll-to-roll (RTR) CIGS deposition.  In 
comparison, the green line shows the temperature profile when the evaporation sources are turned off.  As is evident from 
these two lines in the plot, the evaporation sources can be expected to have a significant contribution to substrate heating.  
Were the heat capacity of the substrate increased by a factor of 10×, the blue line plotted in Figure 4 describes the effect on 
substrate temperature for this scenario.  Hence, the heat capacity of the sample is very important to the temperature profile it 
experiences, as it controls how quickly the sample temperature reacts to changes in the surroundings.  The red line shows 
the temperature profile experienced by a sample with even higher heat capacity: a 1/8” piece of glass.  Finally, the yellow 
line shows the effect of assigning a variable emissivity to the web based on the film composition.  Relative changes in 
emissivity were inferred from Kessler et al.12   
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Figure 4:  Calculated temperature profiles (oK) for a variety of variations from baseline 
conditions. 

  
Differences between the laboratory and manufacturing processes are also encountered in exposure during 

deposition to species outgassed and reflected from hot chamber walls.  Such differences are difficult to avoid considering 
the differences in sample areas from the laboratory to the production environment.  In the laboratory, the sample and the 
heated area is much smaller than the chamber.  Thus the chamber walls remain relatively cool, and species evaporated onto 
the chamber walls do not return to the deposition zone.  In production, the same size scale between the substrate area and 
chamber size cannot be maintained without unreasonable vacuum equipment size and costs.  As a consequence, the sample 
and heated deposition zone occupy a much larger fraction of the chamber.  The difference in heated fractions of the chamber 
between the laboratory and production scale is shown schematically in Figure 5.  The red areas represent hot portions of the 
chamber, and the blue areas represent cool portions of the chamber.  This illustrates that the laboratory process is essentially 
a cold-wall evaporation, while the production process represents a hot-wall evaporation.  Not only is the production 
deposition subject to species outgassed and reflected from the hot walls, but the lack of relatively cool and low-Se areas 
precludes the use of traditional flux sensors that must operate at low temperatures, such as quartz crystal microbalances 
(QCM) and electron impact emission spectroscopy (EIES). 
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Figure 5:  Schematic representation of heated area and chamber are for a) laboratory and b) 
production CIGS deposition. 
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Besides these inherent differences, some modifications to the three-stage process are desirable in manufacturing 

simply to decrease costs.  For example, shortened overall deposition time increases throughput.  Also, purchase of source 
materials with higher impurity levels (for example, 99.9% purity instead of 99.999% purity) decreases feedstock costs. 
 

Roll-to-roll manufacturing on thin, light-weight, flexible substrates imposes further variations to the three-stage 
process method.  For example, fundamental differences exist due to the choice of substrate and impurity out-diffusion, 
surface roughness of metallic substrates, temperature stability of polymeric substrates, differences in heat capacity need to 
be accounted for in the choice of deposition parameters.  Hence, if a flexible sample is not heated beyond the deposition 
zone, it cools more rapidly than the rate prescribed in the three-stage recipe.  It also may be exposed to varying amounts of 
Se during the cool-down.  Furthermore, in the three-stage process, 90% of the In and Ga is typically deposited during the 
first stage, with the remainder deposited in the third stage.11  In production, it is desirable to vary the ratio of first-stage to 
third-stage In significantly from the 90%/10% split to address adhesion and source-control issues.  In combination with 
faster deposition rates, the latter has significant implications on the reaction kinetics and diffusion profiles.  Finally, 
although the deposition of window layers is generally less complicated than that of the CIGS, the performance of window 
layers is also affected by throughput and continuous processing considerations. 

 

1.c Approach 
 
The approach to address the issues mentioned above consists of four basic parts: 

1. Setting up the NREL-developed three-stage laboratory process in a bell jar at ITN. 
2. Characterizing the RTR production chambers at GSE in terms of the important variables. 
3. Using the bell jar system to step from the NREL process to the conditions experienced by a sample during roll-to-roll 

manufacturing, and characterizing the resulting films – i.e., simulation of a dynamic process in a static environment. 
4. Utilizing the process sensitivity information gained in the bell jar system in the production chambers. 

 
These four tasks are being performed roughly in the order listed.  During Phase I, a three-stage bell jar process was 

established at ITN, the GSE RTR production processes were characterized in terms of several important variables, and the 
bell jar system was used to explore some sensitivities of the three-stage process that are applicable to the production 
environment.  During Phase II, it is expected that the important deposition conditions in the production chambers will be 
fully specified, and the sensitivity of the three-stage process to each of these conditions will be investigated in the bell jar.  
Progress on each Phase I task is described in following sections.  
 

2 Bell Jar Baseline 
 
To explore process sensivitivies, the NREL-developed three-stage CIGS deposition process has been established in 

a 22” bell jar.  Metals and Se fluxes are under closed-loop control via electron impact emission spectroscopy (EIES) and 
quartz crystal microbalance (QCM), respectively.  Radiative substrate heating is monitored by contact and ambient 
thermocouples.  A thermopile is used for compositional endpoint detection.  For maximum reproduciblity, process setpoints 
and times are executed by computer-programmed recipes, and monitored quantities are automatically logged. 
 

Many aspects of establishing this baseline process have proceeded favorably.  CIS composition is repeatable from 
run to run, and 1 cm2 total area devices up to 9.3% efficiency (without anti-reflection (AR) coating) are produced, with 
reasonable uniformity over the 3” × 3” substrate.  For example, across the 50 CIS devices on substrate B020822, average 
device efficiency was 7.9%, with a mimimum and maximum efficiency of 6.8%  and  8.7%, respectively .  Quoted 
efficiencies are total-area, AM1.5, for 1 cm2 devices, without AR coating or Ga.  Best CIS efficiency achieved in the bell jar 
on 0.001” thick production steel is 7.7%.  Current-voltage (JV) curves for the best CIS devices from the bell jar on glass and 
0.001” steel are shown in Figure 6, with device parameters listed in the inset. 

 



 

 6

 

Figure 6:  JV curves for most efficient CIS devices on glass and 0.001" steel. 
 
Reaching this level of performance required fine-tuning several of the equipment components.  First, higher 

wattage heater bulbs were installed to allow temperature setpoints to be achieved in times much shorter than each process 
stage.  Also, proportional-integral-derivative (PID) control parameters on each evaporation source were tuned for optimum 
control.  Cooling lines were installed along the tube from the EIES filament to the EIES signal window, to prevent coating 
the window with Se.  Extra light shielding was installed around the substrate heater lamps to prevent the Se QCM from 
overheating, and to prevent creating false signal in the EIES detector. 

 
Further improvements have been required for reproducible incorporation of Ga into the film.  Including Ga in the 

deposition makes processing more difficult for two reasons:  1)  Due to the small amount of Ga to be incorporated into  the 
film and the  tendency of Ga atoms to emit light only weakly from excited atomic states, the Ga rate on the EIES is the 
weakest and hence noisiest of all the film constituents.  2)  It was found – as described in section 4.a , “Importance of Cu-
rich stage” – that for CIGS films, device performance is more sensitive to the presence of a Cu-rich stage than are CIS films.  
Thus, a higher resolved in-situ control of not just the end composition, but also the composition at the end of the second 
stage, is required.  Several steps were taken to achieve reproducible deposition of high-quality Ga-containing films.  
Evaporation sources and EIES signal beam splitters were rearranged to maximize the weak Ga signal.  A pre-deposition 
bakeout was implemented to minimizes transient noise that otherwise occurs in the electron impact emission spectrometer 
(EIES) Ga rate reading when deposition temperature is increased to 550°C and surfaces outgas.  A robust EIES calibration 
procedure performed before every run was also established.  The resulting logged fluxes and temperatures versus time for a  
typical CIGS run are plotted in Figure 7.  Finally, successful procedure to utilize the CIGS emissivity change via an infrared 
(IR) sensor was established, as described below. 
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Figure 7:  Logged fluxes and temperatures for a typical baseline CIGS run (#B030501-1). 
 
CIGS emissivity is higher when Cu-rich than when Cu poor.12,13,14,15  Thus, monitoring the CIGS emissivity allows 

fine control the extent of the Cu-rich excursion and the final composition.  Such monitoring is usually performed using a 
contact thermocouple, and noting – as emissivity increases – either a decrease in temperature at constant power, or an 
increase in power to maintain a constant temperature.  Monitoring emissivity via contact thermocouple can be problematic 
for several reasons.  First, depending on system parameters, the expected temperature change may be only a fraction of a 
degree C.  Furthermore, power and temperature fluctuations can mask the effect, as temperature is controlled despite the 
thermal influence of the deposition sources.  Most important, for flexible substrates that either have a low thermal mass or 
cannot sustain the mechanical pressure of a thermocouple, the method cannot be applied. 

 
Suitable contactless means of obtaining this critical information include (laser) light scattering or IR sensing 

instruments.  IR monitoring of the substrate was choosen and found to provide unambiguous detection of the Cu-poor to Cu-
rich transition, as well as the transition back from Cu-rich to Cu-poor.  A thermopile was installed in the bell jar12” from the 
substrate.  Optics collect emission from approximately a 1” diameter spot on the substrate, over a 6 to 14 µm wavelength 
range.  The sensor coats gradually over 10’s of depositions.  However, as the identifying the emissivity change requires only 
a relative measurement, slow coating does not affect the sensor efficacy. 

 
To recognize the CIGS emissivity transitions from an IR sensor, it is necessary to understand how the emission 

from the substrate evolves throughout the deposition.  The progression of the IR signal through a CIGS deposition is 
illustrated qualitatively in Figure 8.  Both CIGS and In2Se3 are largely transparent in the IR.  Thus, as the film grows, 
interference fringes move in and out of the thermopile wavelength band, and the thermopile signal oscillates with time.  
(The appearance of interference fringes in CIGS and In2Se3 emissivity was demonstrated and explained in DOE contract 
DE-FG03-02ER83472/A000 “Non-Contact Temperature and Emissivity Sensor for Lower-Cost CIGS Photovoltaics 
Manufacturing”.  Details will be published as part of that project if Phase II SBIR support is received.)  Figure 8a therefore 
shows the IR signal from a growing film at constant temperature, as a function of time.  IR emission increases with 
temperature, so, if a temperature step is included in the deposition, a signal like that shown in Figure 8b results.  If a period 
of increased emissivity is included in the deposition, emission during that time period is larger, and a signal like that shown 
in Figure 8c is expected. 
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Figure 8:  IR signal from growing CIGS film a) at constant temperature, b) with temperature step, and 
c) with temperature step and emissivity change. 
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Figure 9 shows measured IR data from a CIGS deposition, superimposed on flux and temperature data.  The 
expected features illustrated in the previous paragraph are noted. 

 

 

Figure 9:  IR data from CIGS run 030516-1. 
 
As expected, the incorporation of Ga into the devices increases device efficiency due to a better match of the 

absorber bandgap to both the solar spectrum and the indium tin oxide transmission.  The number of devices made containing 
Ga has been limited compared to those made with CIS, due to the extra considerations for Ga described in the previous 
paragraphs.  However, over this limited number of CIGS samples, 10.9% efficiency has been demonstrated and it is 
expected that the quality of devices with Ga will increase slightly as the emissivity change is incorporated into the 
processing procedure. 
 

Buffer and window layers regularly deposited on CIGS from the bell jar were determined to be of good quality.  
Two halves of the same absorber were finished into devices both at ITN and at NREL.  Resulting efficiencies were nearly 
identical.  ITN devices showed very slightly lower short-circuit current and higher fill factor, possibly due to a slightly more 
conductive but darker transparent conducting oxide. 

 

3 Roll-Coater Conditions 
 

A second major task under this program is characterizing the roll-to-roll production chambers at GSE in terms of 
the variables known to be important to the three-stage process.  For CIGS deposition, those variables include substrate 
temperature as a function of time, as well as Cu, In, Ga, and Se fluxes as a function of time.  Also important to final device 
efficiency are the quality of the window layers.  Status of the examination of each of these quantities during Phase I is 
described in the sub-sections below. 
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3.a Metals flux profiles 
 
Processing moving substrates (i.e., performing dynamic depositions) does not allow for exact replication of the flux 

and temperature profiles of the laboratory three-stage process.  As the substrate moves over the evaporation sources, the 
delivery of Cu, In, and Ga follows a cosine-type distribution, rather than the flatter flux vs. time profiles typical of the static 
laboratory three-stage process.  Also, since evaporation sources must be placed close enough to the substrate to provide 
reasonable materials utilization, yet far enough apart to allow independent control of each source and substrate temperature, 
the different metallic fluxes tend to be separated in time more than those of the laboratory process.  Effusion source profile 
data was gathered as described below. 

 
The Cu effusion source profile was measured in the “Intelligent Processing” (IP) roll-to-roll (RTR) CIGS coater at 

ITN.  This chamber contains a version of the GSE production effusion sources, and is pictured in Figure 10.  The 
experiment geometry is shown in Figure 11, and the following steps were taken: 

1. The Cu source was warmed up to the desired temperature setpoint. 
2. Clean web was advanced forward into the deposition zone at maximum speed. 
3. The web was held stationary over the source for 3 minutes. 
4. The coated web was then advanced forward out of the deposition zone at maximum speed. 
5. Subsequently the web was removed from the chamber, and a down-web strip was cut out of the web.  Ex-situ x-ray 

fluorescence (XRF) measurements were made at increments of 0.5” to 1” on the down-web strip, over a distance of 
30”. 
 
 

 

Figure 10:  IP roll-to-roll CIGS chamber at ITN. 
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Figure 11:  Geometry and coordinate system used for effusion source profile measurement. 
 
The resulting Cu thickness as a function of down-web position on the strip is shown in Figure 12.  As mentioned, 

quoted thickness values were obtained by XRF and the data is plotted on a log scale to allow better viewing of the amount 
of noise in the lower thickness points.  Measurement scatter is in the 10’s of angstroms range and the 200 Å offset between 
the x-axis and the Cu thickness far from the effusion source represents the amount of Cu deposited when the web was 
moved in and out of the deposition zone at the maximum transport speed. 

 

Figure 12:  Cu thickness as a function of down-web position, plotted on log scale. 
 
The Cu profile above is found to agree well with a cos3θ dependence of the flux per solid angle.  To make the 

comparison, geometry factors that convert the distribution from a function of θ to a function of x were included.  The results 
are shown, both on linear and log scales, in Figure 6.  The fit assumes 200 angstroms were deposited while advancing the 
web (as mentioned in the previous paragraph), and the overall magnitude of the effusion rate was scaled to match the 
measured rate at x = 0.  The difference between the fit and measured points is negligible compared to the difference between 
the roll-coater flux profile and the laboratory three-stage flux profile. 
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Figure 13:  Cu thickness as a function of down-web position compared with cos3θ  fit, plotted 
on linear (left) and  log scales (right). 

This cos3θ dependence of effusion source distributions has also been measured at the Institute for Energy 
Conversion (IEC).16  IEC reports no dependence of the profile on source metal, and no dependence on deposition rate over a 
100× range of deposition rates.  Thus – when combined with information on effusion source placement, source-to-substrate 
distance, substrate speed, and rate of material leaving the source – the cos3θ distribution is an adequate starting point to 
define the roll-coater metals flux profiles for the bell jar experiments. 

 

3.b Effect of Se on metals flux profiles 
 

The previous section described metals flux profiles from manufacturing effusion sources operated in the absence of 
Se flux.  Monte Carlo modeling performed at the Colorado School of Mines indicates that a background pressure of Se may 
significantly affect the metals profiles under normal CIGS deposition conditions.17  Thus, preparations are underway to 
repeat the experiments described in the previous section in the presence of several different Se rates.  Currently, a hot 
containment zone is being installed in the IP chamber (Figure 10) in order to both emulate the hot-wall environment of 
lengthy production runs, and to insure that Se is well-defined during the flux profile examinations. 

 

3.c CdS bath uniformity 
 
Studies also have been conducted to investigate process parameter sensitivity in aqueous CdS deposition.  One 

aspect of these studies is the solution temperature as a function of time and position. Figure 14 illustrates IR temperature 
maps in a CdS reaction vessel before and after modifications to improve temperature uniformity.  A thermograph of the CdS 
bath shortly after addition of solution is shown in Figure 14a.  The highlighted 3” × 3” area is characterized by a 
temperature minimum of 48.6°C, a maximum of 83.9°C, and an average ± 1σ of 59.3 ± 7.6°C.  The center point is at 
51.2°C.  In Figure 14b, the highlighted 3” × 3” area is characterized by a temperature minimum of 61.5°C, a maximum of 
69.0°C, and an average ± 1σ of 64.4 ± 1.4°C.  The center point is at 62.9°C.   
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Figure 14:  IR photos of CdS reaction vessel a) before and b) after modifications for 
temperature uniformity. 

 
Furthermore, an examination into the effects of various Cd treatments on the CIGS surface is underway with the 

cooperation of researchers at NREL and University of Illinois.  Data will be available after patent considerations have been 
fully assessed. 
 

3.d Window layer performance 
 
The preceding sub-sections have focused on tolerance of the CIGS process only.  It is also important, of course, to 

manufacture devices with buffer and window layers optimized within an acceptable envelope, and to understand the 
contribution of the window layers toward efficiency loss and variability.  One step toward this goal is establishing the level 
of performance of the GSE baseline layers compared to trusted laboratory standards.  Thus, a comparison of small area (0.68 
cm2) device performance based on GSE SS/Cr-Mo/CIGS samples finished at GSE, NREL, and IEC was carried out.  James 
Keane at NREL performed CBD CdS and i-ZnO/Al2O3:ZnO depositions, and Bill Shafarman at IEC coordinated CBD CdS 
and i-ZnO/ITO depositions there. 

 
Table 1 shows the matrix for device finishing.  All samples were retrieved and randomized from a 30 ft. section of 

CIGS (lot 831SB), previously screened at the diode level to ensure uniform material properties.  To accommodate 
throughput limitations at both IEC and NREL, the number of replicas indicated in Table 1 was reduced to as few as two 
samples per condition.  Each sample represents a 3” × 3” diode array consisting of 50 0.68 cm2 devices.  GSE CdS buffer 
layers were deposited in the second half of September 2002, using both a high-throughput (HT) and lower-throughput (LT) 
CdS process.  The last set of CBD CdS coated coupons from NREL were received in early February 2003.  Subsequently, 
all samples requiring GSE window layers were i-ZnO:ITO coated in one run (970SA).  Device isolation into 0.68 cm2 
diodes was accomplished via laser scribing, and an e-beam evaporated Ag grid completed the test structure.  All device 
parameters reported are under AM1.5 conditions at 25°C.  Prior to statistical analysis, each set was filtered removing 
devices with parameters deviating from the normal distribution at the 95% confidence level. 

 b) a)
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#  Samples Layer(s) at GSE Layer(s) at NREL Layer(s) at IEC 

6 HT CdS i-ZnO/2%Al2O3:ZnO RF sputtered  

6 LT CdS i-ZnO/2%Al2O3:ZnO RF sputtered  
6 HT CdS  i-ZnO/ITO 
6 LT CdS  i-ZnO/ITO 
4 i-ZnO/ITO CBD CdS  
4 i-ZnO/ITO  CBD CdS 
4  CBD CdS/i-ZnO/2%Al2O3:ZnO  
4   CBD CdS/i-ZnO/ITO 
4 HT CdS/i-ZnO/ITO   
4 LT CdS/ i-ZnO/ITO   
4  CBD CdS i-ZnO/ITO 
4  i-ZnO/2%Al2O3:ZnO CBD CdS 

Table 1:  Design of Experiment matrix listing all permutations for buffer and window layer 
device completion between GSE, ITN, and NREL. 

 
Figure 15 summarizes the estimated effects on device parameters of varying buffers or windows as compared to the 

standard GSE process.  Several features are worth noting.  First, efficiency values in Figure 15a indicate that both the 
September 2002 GSE HT CdS and LT CdS are superior to the other buffers in this study.  It is not known what fraction of 
that advantage is due to CdS processing variables, and what fraction may be due to changes in the CIGS sample occurring 
during shipping to or storage at IEC and NREL.  Second, it should also be noted that the GSE HT CdS does not quite reach 
the performance of the GSE LT CdS layer:  the higher throughput in this experiment comes at some cost to efficiency.  
Subsequent changes to correct this situation have been made to the HT CdS process and are under evaluation.  Third, with 
respect to the window layers, the IEC i-ZnO/ITO outperformed both the GSE i-ZnO/ITO as well as the NREL 
i-ZnO/Al2O3:ZnO, mostly due to a slightly enhanced fill factor compared to the GSE process.  The highest efficiency 
combination is a GSE LT CdS with an IEC window.  The GSE window layer nevertheless performs well on the NREL, IEC 
and GSE LT CdS buffers.  These window layer comparisons can be seen most clearly by examining Figure 16.  The latter 
shows device parameters measured on each permutation of buffer and window layer combinations.  Finally, Figure 15b and 
Figure 16 indicate a substantially reduced current and voltage from some NREL samples.  As this reduction is not present 
for the other specimens that traveled in between buffer and window deposition at IEC, NREL, and GSE, transport damage 
can be excluded.  It is possible that the NREL window is not matched to the NREL buffer on GSE CIGS and IEC CdS.  
However, based on the results of NREL windows on GSE LT CdS and HT CdS, as well as the area limitations in the NREL 
RF ZnO sputter system, it must be speculated that the problem samples were not true window layer replicas and were 
deposited in a separate run yielding different, non-standard, i-ZnO/Al2O3:ZnO properties. 

 
In summary, the data provides some confidence that there is room for improvement primarily in the GSE HT CdS 

buffer.  Although the HT process has been modified in November of 2002, it is unclear as to whether or not it now rivals the 
LT CdS buffer.  A separate HT vs. LT CdS comparison at GSE is thus underway.  Some minor enhancements in the GSE 
window layer also appear possible and should be addressed in internal experiments. 
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Figure 15:  Device I-V parameter (Voc, Jsc, FF, η) estimates as a function of a) buffer and b) 

window layer compared to the GSE standard. 
 

 
 

 a) 
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Figure 16:  Device parameters measured on each permutation of buffer and window layer 
combinations. 

 

3.e Se flux 
 
Se flux as a function of position has been documented.  The output of proprietary Se sensors was compared with Se 

fluxes calculated from Se feedstock usage, pumping speed, and film Se consumption.  These two methods of Se flux 
estimation agree to within approximately a factor of two.  Thus, Se fluxes in the roll-coater systems are known to within 
approximately a factor of two, and examinations in the bell jar will cover the corresponding envelope. 

 

4 Three-Stage Sensitivities 
 
The investigation three-stage process sensitivities began with an examination of the importance of the Cu-rich 

phase for CIS and CIGS films.  Also, bell jar conditions relevant for the examination of instantaneous variations in Se to 
metals ratio were specified.  These topics are described in following sub-sections in detail.   

 

       NREL                     IEC                   GSE LT       NREL                     IEC                   GSE LT

       NREL                     IEC                   GSE LT       NREL                     IEC                   GSE LT



 

 17

4.a Importance of Cu-rich stage 
 

The effect of a Cu-rich phase in the three-stage growth process on device performance was examined for CIGS on 
glass.  It was found that the Cu-rich phase is very important for good device performance when Ga is included in the films, 
but less so for CIS-only films.  This conclusion differs from those reached by Shafarman18,19 for a modified two-stage 
process and by Nishiwaki20 for a three-stage process at unspecified deposition rates.  Disparity of the conclusions suggests 
that the importance of the Cu-rich phase may be a strong function of temperature and flux profiles, as well as the overall 
deposition time.  In the present case, a temperature of 575°C was monitored in the second stage by a contact thermocouple 
attached to the back of the substrate at a metal flux exposure span of 24 minutes. 

 
The impact of the Cu-rich excursion was evaluated utilizing a composition gradient across the substrate.  Due to the 

placement of the evaporation boats and sample, the 3” × 3” substrates used in this study exhibited a 12% gradient in 
Cu/(In+Ga) across the substrate.  Thus, for example, in a film with a final Cu/(In+Ga) ratio of 0.9 at the center and 10% of 
the group III atoms introduced during the third stage, half of the substrate underwent a Cu-rich stage while the remaining 
half did not.  The entire film, however, was within the composition range expected to produce high-efficiency devices as 
demonstrated by Gabor et al.21  It should be noted that Gabor’s data showing little sensitivity of device performance to 
composition in the range Cu/(In+Ga) = 0.86 to 0.92 is non-integral composition measured by electron probe microanalysis.  
It is therefore still possible that the Cu ratio very near the junction is the important variable for device performance, and may 
not always be the same as the integral Cu-ratio. 

 
For CIGS films with Ga, the Cu-rich phase was found to be necessary for good device performance and large 

grains.  In the following discussion, the side of the substrate that underwent a Cu-rich stage is labeled “R”, and the side of 
the substrate that remained Cu-poor is labeled “P”. 

 
Current-voltage (JV) characteristics of devices representative of sides R and P on substrate B0209025-1 are shown 

in Figure 17.  Device parameters are provided in the inset.  The CIGS composition at the substrate center was determined at 
0.94 and 0.26 for the Cu/(In+Ga) and Ga/(In+Ga) ratios, respectively.  Efficiencies decreased gradually and monotonically 
across the substrate.  Therefore, low efficiencies cannot be attributed to localized shunts from handling or debris. 

 

Figure 17:  JV curves from side R and P of substrate. 
A red loss in the P devices is evident from quantum efficiency (QE) measurements, being consistent with low 

diffusion lengths.  QE is shown in Figure 18.  The bump in the QE at 760 nm is an artifact seen in devices that display light-
history dependent properties.  The filter in the QE is switched before this data point, and the sample is momentarily exposed 
to bright white light.  For cells with light-soaking dependent properties, a temporary increase in the QE is seen after this 
exposure. 
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Figure 18:  Quantum efficiency of devices from side R (blue) and P (pink). 
 
With respect to morphology, the Cu-rich transition in the film was found to be associated with larger grains and a 

more densely-packed structure.  Figure 19 illustrates SEM images of specimens R and P, as seen both from the surface and 
in cross-section.  On side R, a large-grained structure is evident, while side P exhibits much smaller features.  The cross-
section micrograph of side R shows large features and a densely-packed film, while sample P exhibits much smaller features 
and more voids. 

Figure 19:  SEM images of a) surface R, b) surface P, c) cross-section R, and d) cross-section 
P. 

a) 

c) 

b) 

d) 
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The potential difference in device performance for the two groups of specimens due to different bandgap profiles 
can be excluded based on Auger emission spectroscopy (AES) depth profiling results, as plotted in Figure 20.  The dotted 
lines indicate the composition for side P, while the solid lines represent the composition for side R.  The compositional 
profiles are fairly uniform throughout the absorber thickness and similar for the two locations.  Consistent with receiving 
less Cu, side P appears slightly thinner and has a lower relative Cu content, as well as a higher relative In content.  AES was 
measured at NREL. 

 
Figure 20:  AES profiles for sides P (dotted) and R (solid). 
In contrast, CIS device efficiency was found to be relatively insensitive to the existence of a Cu-rich growth period.  

For example, Figure 21 depicts device efficiency as a function of position over the center 30 cm2 of substrate B020822.  The 
average device efficiency is 7.9%, with a range spanning 6.8% to 8.7%.  The Cu/(In+Ga) atomic ratio measured 0.85 at the 
substrate center.  Thus, it has been demonstrated that the inclusion of Ga – although it allows for more efficient devices 
through better match of the absorber bandgap to the solar spectrum and the ITO transmission – also leads to a more sensitive 
process that requires a Cu-rich growth period, based on the parameter space explored here. 
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Sputter Time (min)
0 5 10 15 20 25

C
om

po
si

tio
n 

(a
to

m
ic

 %
)

0

20

40

60

Cu

Ga

In

Mo

Se

R
P



 

 20

4.b Instantaneous Se-to-metals ratio 
 

Flux profiles in the production roll coaters have been characterized to a degree that allows rough comparison with 
NREL three-stage profiles.  The resulting comparison is shown in Figure 22.  The bell jar flux profiles represent variations 
in flux encountered by the stationary substrate as changes are made to the source currents.  The roll coater flux profiles 
represent the flux encountered by a point on the flexible substrate as it travels through the roll coater, with all source 
effusion rates held constant.  In Figure 22, roll coater fluxes are graphed qualitatively, not to scale, in order to protect 
proprietary deposition setpoint and rate information. 

 

Figure 22:  Standard three-stage bell jar rate profiles, and qualitative comparison with 
production roll-coater rate profiles. 

Several features of Figure 22 deserve further examination.  For the NREL rate profiles, Se to metals molar flux 
ratio is approximately constant and typically in excess of stoichiometry by a factor between 4 and 6.  For the roll-coater flux 
profiles, the Se to metals molar flux ratio is sometimes less than that in the NREL recipe, and sometimes more.  Also, even 
for films of the same thickness and same total deposition time deposited using the static three stage or roll-coater profiles, 
those deposited using the roll-coater profiles experience periods of growth at higher deposition rates than the static three-
stage films.  These observations suggest several modifications to the bell jar rate profiles to examine the sensitivity of the 
three-stage process to instantaneous Se/metals ratio and deposition rate.  The automated system controlling metals rates as a 
function of time on the ITN bell jar was programmed to allow profiles like those shown in Figure 22.  Rate control is 
achieved by electron impact emission spectroscopy rate monitoring in conjunction with computerized closed-loop control of 
the evaporation sources.  An example of In and Cu stages with modified flux profiles are shown in Figure 23.  These bell jar 
flux profiles imitate the roll-coater conditions of Figure 22.  Standard, flat, bell jar flux profiles were shown earlier in Figure 
7.  Several adjustments to source programming are still necessary to create the desired smooth profiles.  A suggested 
progression of bell jar metals flux profiles, for a constant Se rate, is shown in Figure 24.  These suggested profiles deposit 
films of the same composition, thickness, and deposition time, but differing instantaneous deposition rates and Se/metals 
flux ratios. 
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Figure 23:  Bell jar In and Cu flux profiles imitating roll-coater conditions. 
 

 

Figure 24:  Progression of rate profiles for bell jar depositions. 
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5 Team Activities 
 
GSE takes part in CIS National Team activities.  Recent contributions have included participation in and 

presentations at team meetings, submission of samples for comparative absorber studies, and review and discussion of 
related data. 

 

6 Summary 
 
Several advancements were demonstrated during Phase I:  

• A baseline process for examination of three-stage process sensitivities was established in a bell jar at ITN. 
- Best efficiencies (AM1.5, 1 cm2, total area, no AR coating) are currently 9.3% for CIS on glass, 7.7% for CIS 

on production steel, and 10.9% for CIGS on glass. 
- NREL and ITN window layers produce nearly identical efficiencies when applied to the bell jar absorbers. 

• Several aspects of the production roll-coaters were characterized. 
- Metals flux profiles agree well with a cos3θ dependence of the flux per solid angle. 
- The effect of Se pressure on the metals profiles is under examination. 
- Se flux was documented and results from two measurement methods agree within a factor of 2. 
- Uniformity of CdS solution temperature in a reaction vessel was improved. 
- Small-area devices on absorbers were finished at NREL, IEC, and in the GSE production roll coaters, yielding 

similar results.  Some minor enhancements in the GSE high throughput window layers appear possible and 
will be addressed. 

• Examination of three-stage process sensitivities began in the bell jar. 
- For Ga-containing absorbers, the Cu-rich phase is very important to achieve good device performance. 
- Cu-rich growth is less important for CIS-only films. 
- Given the disparity of this conclusion with work in the literature for slightly different recipes, it is likely that 

the importance of the Cu-rich phase is a strong function of temperature and flux profiles, as well as the overall 
deposition time. 

- Low efficiencies in Ga-containing devices not undergoing a Cu-rich transition are correlated with small CIGS 
grain size. 

- To carefully control the extent of the Cu-rich excursion, IR emissivity monitoring was implemented. 
- Bell jar conditions relevant for the examination of instantaneous variations in Se to metals ratio were specified. 
- Metals fluxes versus time imitating those in the roll coaters were demonstrated in the bell jar. 

 
 

7 Future Directions 
 
During Phase I, work focused on establishing the three-stage bell jar process, characterizing the metals and Se 

fluxes in the production roll coaters, and quantifying the contribution of the production window layers toward efficiency 
loss and variability.  Some initial three-stage process sensitivities were examined in the bell jar. 

 
Phase II tasks will build on this year’s results.  In the bell jar, emphasis will shift from baseline verification to 

investigation of more involved process sensitivities.  These investigations will include use of less expensive source 
materials, decreased deposition times, variations in instantaneous Se to metals ratio as implied by the roll coater flux 
profiles, variations in the fraction of group III elements deposited in the third stage, modifications to sample cool-down 
temperature and Se profiles, variations in first and second stage temperatures, exposure of the substrate to reflected hot-wall 
species, and different times stored at atmosphere or dry N2 environment between CIGS and CdS depositions.  Minor 
refinements to the baseline will be implemented as appropriate.  In the production roll-coaters, characterization will be 
extended to the more difficult quantities of temperature and of metals profiles with Se pressure.  The Phase II tasks lead 
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toward third-year goal of applying process sensitivity information in the production roll-coaters and demonstrating process 
improvement. 
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